Acute and chronic injuries are characterized by leukocyte infiltration into tissues. Although matrix metalloproteinase 9 (Mmp9) has been implicated in both conditions, its role in wound repair remains unclear. We previously reported a zebrafish chronic inflammation mutant caused by an insertion in the hepatocyte growth factor activator inhibitor gene 1 (hai1; also known as spint1) that is characterized by epithelial extrusions and neutrophil infiltration into the fin. Here, we performed a microarray analysis and found increased inflammatory gene expression in the mutant larvae, including a marked increase in mmp9 expression. Depletion of mmp9 partially rescued the chronic inflammation and epithelial phenotypes, in addition to restoring collagen fiber organization, as detected by second-harmonic generation imaging. Additionally, we found that acute wounding induces epithelial cell mmp9 expression and is associated with a thickening of collagen fibers. Interestingly, depletion of mmp9 impaired this collagen fiber reorganization. Moreover, mmp9 depletion impaired tissue regeneration after tail transection, implicating Mmp9 in acute wound repair. Thus, Mmp9 regulates both acute and chronic tissue damage and plays an essential role in collagen reorganization during wound repair.
INTRODUCTION
Acute tissue damage is characterized by the infiltration of leukocytes that clear pathogens and cellular debris, followed by wound repair (Lieschke et al., 2001; Nathan, 2006; van Furth et al., 1985) . Interestingly, many of the molecular signals induced by acute tissue damage, including chemokines and proteases, are also present in chronic tissue damage, suggesting that tight regulation of wound signaling is crucial for wound resolution (Feghali and Wright, 1997) . However, the relationship between the molecular signals induced during acute and chronic tissue damage remains unclear.
A key step during normal repair includes the deposition of collagen to form a transient extracellular matrix (ECM) that is subsequently degraded during the remodeling phase (McCarty and Percival, 2013) . Specific proteases, such as the matrix metalloproteinases (MMPs), mediate collagen remodeling during tissue repair and are upregulated during both acute and chronic wounding (Castaneda et al., 2005; Fini et al., 1996; Mohan et al., 2002; Vandooren et al., 2013) . In particular, Mmp9 is associated with many inflammatory processes, including cardiovascular disease and stroke, as well as epithelial injuries to the eye, skin, gut and lung in various organisms ranging from humans to zebrafish (Bai et al., 2005; Betsuyaku et al., 2000; Castaneda et al., 2005; Fini et al., 1996; Mohan et al., 2002; Wyatt et al., 2009 ). Mmp9 plays an important role in proper keratinocyte migration in vitro (Hattori et al., 2009 ) and Mmp9 knockout mice display impaired wound closure (McCawley et al., 1998) . In both axolotl and zebrafish, mmp9 expression increases along the wounded edge of the epithelium during early regeneration (Yang et al., 1999; Yoshinari et al., 2009) , suggesting a role for Mmp9 during wound healing.
We previously reported zebrafish mutants with chronic epithelial damage and inflammation caused by insertion in the hepatocyte growth factor activator inhibitor gene 1 (hai1; also known as spint1) (Mathias et al., 2007) or the ENTH domain protein clint1 (Dodd et al., 2009) . Both mutants are reminiscent of the human condition psoriasis, and exhibit epithelial extrusions, hyperproliferation and chronic neutrophil infiltration into the fin (Mathias et al., 2007 ). In the current study, we aimed to identify factors that contribute to this chronic tissue damage phenotype. We performed a microarray analysis and found a significant increase in mmp9 expression. Depletion of Mmp9 partially rescued the chronic epithelial damage phenotype.
To investigate the role of Mmp9 during wound repair we used second-harmonic generation (SHG) imaging (Campagnola et al., 2002) to non-invasively assess collagen fiber organization in hai1 morphants. We found that depletion of mmp9 partially rescued the disordered collagen fibers observed in the mutant larvae, suggesting that Mmp9 modulates the organization of collagen matrices. By contrast, depletion of mmp9 impaired regeneration after acute wounding, suggesting that Mmp9 is required for acute wound healing and regeneration in larval zebrafish. Furthermore, with SHG imaging, we determined that mmp9 expression regulates the transition in collagen fiber thickness that occurs during acute wound healing. Thus, mmp9 expression differentially regulates acute and chronic tissue damage and repair, and modulates collagen reorganization during wound repair.
RESULTS

hai1 and clint1 mutants have increased mmp9 expression
Previous studies from our laboratory identified mutants characterized by chronic epithelial cell damage and persistent neutrophilic infiltration in the epidermis (Dodd et al., 2009; Mathias et al., 2007) . To identify mechanisms that contribute to the chronic wound phenotype, we performed microarray analysis of the hai1 (hi2217) and clint1 (hi1520) mutants. Analysis of RNA from 3 days post-fertilization (dpf ) hi1520 and hi2217 mutant larvae revealed 166 differentially expressed genes relative to sibling wild-type (WT) larvae ( Fig. 1A ; supplementary material Fig. S1A,B) . We focused on genes involved in pro-inflammatory signaling that modulate ECM remodeling. The most highly overexpressed gene, mmp9, was selected for further analysis. Using quantitative realtime PCR (qRT-PCR) we found a significant overexpression of mmp9 in both the hi2217 (Fig. 1B ) and hi1520 mutants (Fig. 1B) , which was confirmed by in situ hybridization of hi2217 mutant embryos and their WT siblings (supplementary material Fig. S1C ). The heterozygous mutant crosses for the hi2217 fish yield ∼25% of larvae with epithelial defects. To achieve a higher percentage of larvae with the hai1 mutant phenotype, we used a previously established MO to deplete hai1, which recapitulates the mutant phenotype (Carney et al., 2007; Mathias et al., 2007) . The hai1 morphants also showed increased mmp9 expression (Fig. 1B) , as determined by qRT-PCR.
Mmp9 depletion partially rescues the hai1 mutant phenotype
Activation of Mmp9 plays an important role during ECM remodeling (Collier et al., 1988; Fosang et al., 1992; Senior et al., 1991) and restoration of epithelial morphology after tissue damage (Yoshinari et al., 2009) . Moreover, inhibition of Mmp9 activity reduces the inflammatory response (Volkman et al., 2010) . To determine whether Mmp9 contributes to the abnormal epithelial morphology (Fig. 1C ) and neutrophil infiltration ( Fig. 2A ) observed in the hai1 morphants, we depleted Mmp9 (Fig. 2B ) in the hai1 mutants using a previously published mmp9 morpholino (MO1) (Volkman et al., 2010) . We found the proportion of mutant hi2217 larvae characterized by epithelial extrusions at the yolk sac extension was reduced when mmp9 was depleted (Fig. 2C) . A similar reduction was observed with double injection of mmp9 MO1 and hai1 MO (Fig. 2C) , suggesting that overexpression of mmp9 contributes to the hyper-inflammation and epithelial defects in hai1-deficient larvae.
To investigate whether Mmp9 also contributes to neutrophil infiltration of the epithelium in the hai1 mutants, we performed Sudan Black staining (Le Guyader et al., 2008) and quantified neutrophils outside of the caudal hematopoietic tissue (CHT). The hai1 morphants co-injected with mmp9 MO1 had significantly fewer neutrophils outside of the CHT compared with siblings injected with the hai1 MO alone ( Fig. 2A,D) , indicating that Mmp9 depletion partially rescues neutrophil infiltration into the epithelium of hai1-deficient larvae. To confirm that the mmp9 MO reduced Mmp9 activity, we utilized a recently reported MMP activity assay in zebrafish (Hall et al., 2014) . Depletion of hai1 was associated with increased MMP activation in the fin compared with control larvae (Fig. 2E) . We rescued the increased MMP activity in hai1 morphants by performing dual injection of hai1 and mmp9 MOs (Fig. 2E) . Together, these data indicate that Mmp9 mediates neutrophilic infiltration and epithelial defects in hai1-deficient larvae.
SHG imaging reveals Mmp9-dependent collagen remodeling in the hai1 morphants It is known that Mmp9 alters the ECM through the cleavage of matrix components, including collagen (Collier et al., 1988; O'Farrell and Pourmotabbed, 2000; Van den Steen et al., 2002) . To determine whether Mmp9 modulates the collagen matrix in hai1 morphants we performed SHG imaging (Campagnola et al., 2002; Mohler et al., 2003) . SHG imaging (Fig. 3A) is a label-free microscopy technique that exploits the interaction of light with ordered biological structures to visualize endogenous proteins, such as fibrillar collagen types I and III. Embryos injected with either control MO, hai1 MO, mmp9 MO1 or co-injected with hai1 MO and mmp9 MO1 at the one-cell stage were fixed at 3 dpf for SHG imaging (Fig. 3B) . Single-blind analysis of fiber organization on pooled and randomized images was performed (κ=0.78). Each image was scored from 1 to 3, with 1 representing fibers that are aligned and 3 representing fins with unaligned fibers (Fig. 3C) . Analysis revealed that hai1 morphants display a significant increase in the proportion of fins with unaligned fibers compared with control ( Fig. 3D) , a phenotype that could be partially rescued by co-injection of mmp9 MO1 (Fig. 3D) . Thus, Mmp9 appears to influence the arrangement of collagen fibers in the fins of hai1 morphants (supplementary material Movies 1-3). Slight changes in collagen fiber alignment were also observed in a small number of mmp9 morphants and are thought to be the result of minor unresolved abrasions due to the lack of Mmp9. As SHG is only sensitive to fibrillar collagen types (Mohler et al., 2003) , we also performed immunohistochemistry (IHC) to visualize non-fibrillar type IV collagen. Using IHC we did not observe any obvious differences in collagen organization or structure in the hai1 morphants compared with control (Fig. 3E) . Taken together, our data suggest that the alignment of collagen fibers is altered in hai1 morphants, at least in part due to the overexpression of mmp9.
Mmp9 influences early leukocyte recruitment during caudal fin wound healing
Previous studies have shown that caudal fin amputation leads to increased expression of mmp9 at the wound edge (Yoshinari et al., 2009 ). To determine whether the wounded epithelium was a source of the increased mmp9 expression, we utilized a transgenic zebrafish, Tg(kr4:l10a-gfp), which labels the ribosomal subunit l10a in keratinocytes, and performed translating ribosomal affinity purification (TRAP) (Lam et al., 2013) . At 6 h post-wounding (hpw), a significant increase in mmp9 expression in epithelial cells was observed (Fig. 4A ). To determine whether Mmp9 alters leukocyte recruitment to acute injury, as we found with the hai1 mutant, we performed caudal fin transection. Mmp9-deficient larvae have an early impairment of macrophage recruitment at 1, 6 and 12 hpw, although resolution was not affected (supplementary material Fig. S2A ). Similarly, the mmp9 morphants displayed a significant reduction in the number of neutrophils recruited to the site of wounding at 1 hpw, as assessed by Sudan Black staining (supplementary material Fig. S2B ). Total neutrophil counts were performed on Mmp9-deficient larvae at 2 dpf and a significant reduction in the total number of neutrophils was observed (supplementary material Fig. S2C ). However, no increase in neutrophil retention at the wound was observed at 24 or 48 hpw, indicating that Mmp9 depletion did not affect resolution of neutrophil inflammation at wounds.
Macrophage recruitment and function are required for complete regeneration in multiple models (Li et al., 2012; Lieschke et al., 2001; Martin et al., 2003; Petrie et al., 2014; van Furth et al., 1985) . To determine whether the early reduction in macrophage presence alters regeneration in our system we performed morpholino knockdown of the transcription factor Irf8, which has been used to deplete macrophages with a concomitant increase in neutrophils (Li et al., 2011) . Following caudal fin amputation, the irf8 morphants displayed no defect in regenerate length at 3 days post-wounding (dpw) (supplementary material Fig. S2D ). To further validate this result we targeted the Pu.1 transcription factor by morpholino, which blocks the development of both neutrophils and macrophages. The Pu.1-deficient embryos displayed no defect in caudal fin regeneration at 3 dpw (supplementary material Fig. S2D ), consistent with a previous study using Pu.1 knockdown in larval zebrafish (Mathew et al., 2007) . These findings indicate that the early leukocyte recruitment defect in Mmp9-deficient larvae is unlikely to affect regeneration at 3 dpw.
NFκB signaling mediates mmp9 expression following caudal fin amputation
We took a candidate approach to identify the upstream signaling pathways that mediate wound-induced expression of mmp9 (Fig. 1B and Fig. 4A ). NFκB is a known regulator of mmp9 expression in other systems (Eberhardt et al., 2002; Ganguly et al., 2013) . Using a previously published NFκB reporter line, Tg(NFκB:gfp), we observed an increase in NFκB activity after tail transection by 6 hpw ( Fig. 4B ) (Kanther et al., 2011) . Ratiometric imaging was performed by crossing the NFκB reporter with the keratinocyte-labeled transgenic Tg(krt4: tdTom), and confirmed an increase in reporter activity after tail transection (Fig. 4C ). This is in agreement with a recent report that identified increased NFκB activity after wounding in zebrafish larvae downstream of wound-induced H 2 O 2 de Oliveira et al., 2014) . Because early wound signals like H 2 O 2 have been shown to modulate regeneration (Yoo et al., 2012) , we sought to determine whether NFκB activation was required for mmp9 expression. Using a pharmacological inhibitor of the NFκB pathway, withaferin A, we found that early NFκB inhibition impaired caudal fin wound healing at 3 dpw (Fig. 4D ). To determine whether the activation of NFκB was driving the expression of mmp9 in the epithelium, we performed TRAP to isolate mRNA from control and NFκB-inhibited larvae. Pharmacological inhibition of NFκB was sufficient to block the increase in mmp9 expression as quantified by qRT-PCR (Fig. 4E) . Taken together, our findings suggest that NFκB signaling mediates the expression of mmp9 following caudal fin amputation.
Wound-induced changes to collagen fibers are mediated by Mmp9
To determine whether Mmp9 also mediates changes to collagen matrices during acute injury we performed IHC and SHG imaging to visualize collagen organization following acute wounding. No clear changes in type IV collagen were observed by IHC after wounding (supplementary material Fig. S3A ). By contrast, SHG imaging after tail transection revealed a significant increase in collagen fiber width during wound healing by 2 dpw (Fig. 5A ). The increase in fiber width was not observed in unwounded agematched controls (Fig. 5A ). We depleted mmp9 using morpholino to determine whether Mmp9 mediated this change. The Mmp9-deficient larvae had impaired fiber thickening at 2 dpw compared with control, suggesting that Mmp9 is involved in wound-induced fiber thickening (Fig. 5A) . To quantify the change in fiber thickness we performed two forms of analysis. We used both single-blind fiber-width scoring (κ=0.58) (Fig. 5B ) and a computational measurement of fiber thickness (Fig. 5C ). Both methods of analysis revealed a significant increase in fiber width at 2 dpw in control animals that was impaired in Mmp9-deficient wounded larvae (Fig. 5B,D) . Fiber alignment was also analyzed, but we found no statistical difference between wounded control and Mmp9-deficient groups (supplementary material Fig. S3B ). These data indicate that caudal fin amputation leads to a thickening of collagen fibers through an Mmp9-dependent mechanism.
Mmp9 is necessary for optimal caudal fin wound healing
The zebrafish caudal fin is known to undergo complete epimorphic regeneration following amputation (Poss et al., 2003) and we sought to determine whether the defect in collagen remodeling in the Mmp9-deficient embryos was associated with a deficit in caudal fin wound healing. We depleted mmp9 expression (MO 1 and 2) and found that Mmp9-deficient larvae had impaired regenerate length ( Fig. 6A ; supplementary material Fig. S4A ), indicating that Mmp9 is necessary for proper wound healing. The Mmp9 dependency was wound specific, as unwounded morphants did not display a defect in fin length compared with age-matched controls ( Fig. 6A ; supplementary material S4A ). To confirm that the regeneration defect was not due to offtarget effects of MO, we rescued mmp9 expression using co-injection of mmp9 MO and zebrafish mmp9 RNA. Co-injection of mmp9 RNA rescued the regeneration defect of the morphants, supporting a requirement for Mmp9 during acute wound healing (Fig. 6B) .
To further confirm a role for Mmp9 in acute wound healing, we utilized a two-cut CRISPR-Cas9 mutagenesis technique to create mosaic F0 mmp9 mutants. In short, two separate exon targets were identified (exon 2 and exon 4). Co-injection at the one-cell stage resulted in excision of a ∼9000 bp segment of the mmp9 genomic DNA (Fig. 6C ) in a mosaic fashion in the developing larvae. At 2 dpf or at the completion of an experiment, genomic DNA was isolated from individual larvae and PCR screened for the presence of a ∼400 bp segment to identify F0 mutant embryos (Fig. 6C) . The amplicon was then purified and sequenced for further confirmation (supplementary material Fig. S4B ). We found that the mosaic F0 mutants displayed a regeneration defect at 3 dpw (Fig. 6D ) but had no effect on unwounded fin length (Fig. 6D) . Taken together, these findings suggest that Mmp9 is necessary for acute wound healing and regeneration in the zebrafish larvae.
DISCUSSION
Here, we have demonstrated that Mmp9 plays important roles in acute and chronic tissue damage. In both cases, Mmp9 is involved in the infiltration of leukocytes; however, in the case of hai1-deficient larvae and chronic inflammation, Mmp9 contributed to abnormal collagen matrix composition and epidermal morphology. By contrast, in acute tissue damage associated with tail transection, Mmp9 was necessary for wound resolution and regeneration. Taken together, these findings suggest that a balance in Mmp9 activity is essential for normal tissue homeostasis and repair.
Resolution of inflammation is an essential step during wound repair (Starnes and Huttenlocher, 2012) . In some human diseases, like pyoderma gangrenosum, inflammation fails to resolve, contributing to chronic wounds and tissue damage (Powell et al., 1985) . These types of inflammatory disorders suggest that a tightly regulated inflammatory response is crucial to ensure proper wound healing (Eming et al., 2007) and that inflammation can contribute to compromised wound repair. However, substantial evidence indicates that leukocyte response to acute damage can be essential for the normal healing process (LeBert and Huttenlocher, 2014). Leukocyte recruitment is necessary to limit infection at the site of tissue damage (Nathan, 2006) , and macrophage recruitment is required for optimal wound healing through the clearance of cellular debris (Leibovich and Ross, 1975; Li et al., 2012; Martin et al., 2003; Shiratori et al., 1996; Tidball and Wehling-Henricks, 2007; van Furth et al., 1985) . Support for an important role for macrophages in wound repair has also been shown during regeneration in both larval zebrafish (Li et al., 2012) and the adult fin (Petrie et al., 2014) .
Our findings suggest that increased mmp9 expression regulates leukocyte infiltration to the inflammatory site, as depletion of mmp9 impaired leukocyte recruitment in the context of both early acute inflammation and chronic tissue damage. This is in accordance with recent reports that suggest that Mmp9 promotes leukocyte recruitment to wounds (Hall et al., 2014; Parks et al., 2004) . Interestingly, depletion of leukocytes ( pu.1 morpholino) or macrophages specifically (irf8 morpholino) did not impair regeneration after tail transection. This agrees with recent data suggesting that the absence of macrophages impairs regeneration in adult zebrafish but does not result in a defect in wound repair in the larval zebrafish until 120 hpw (Petrie et al., 2014) . Thus, our findings suggest that the defect in regeneration observed in Mmp9-deficient larvae was unlikely to be due to a defect in macrophage recruitment.
Mmp9 is known to have an essential role in remodeling the ECM, in particular through the proteolysis of specific targets like collagen IV (Collier et al., 1988) . Using SHG imaging, we found that Mmp9 modulated the collagen organization in the context of both acute and chronic tissue damage. In the chronic injury model, with the hai1 morphants, collagen fibers were characterized by poor organization; depletion of mmp9 in these hai1 morphants partially restored collagen fiber alignment, suggesting that Mmp9 contributes to the abnormal collagen architecture in the mutants. However, it is not clear whether this was due to a direct effect of Mmp9 on matrix organization or indirectly through its effects on epithelial cells, fibroblasts or leukocytes. As SHG only detects fibrillar collagen types such as I and III and not non-fibrillar collagen IV, it seems likely that the effects are indirect. Regardless of the mechanism, the observation that depletion of mmp9 partially rescues the altered collagen organization in the mutant suggests that Mmp9 plays a role in regulating ECM architecture in the context of chronic tissue damage.
To determine whether Mmp9 also affects collagen reorganization induced by acute wounding, we performed SHG imaging after tail transection. Surprisingly, SHG imaging after acute injury did not reveal changes to collagen fiber alignment as was observed in the chronic injury model. Instead, acute wounding induced a thickening of collagen fibers in the larval fin. Interestingly, the fiber thickening induced by acute injury was dependent upon mmp9 expression, as morphants did not show wound-induced collagen fiber thickening. Taken together, these findings suggest that Mmp9 mediates the changes in collagen fiber organization that occur in both acute and chronic tissue damage. However, in the case of chronic injury, Mmp9 has detrimental effects, whereas, with acute injury, Mmp9 mediates the changes in collagen fiber organization that are part of the normal repair process.
In the current study we show that Mmp9 regulates collagen structure after wounding. However, as of yet, we do not know the significance of the fiber thickening that occurs after acute injury. In future studies it will be informative to perform live imaging of fiber architecture over time to determine whether Mmp9 regulates the transition in fiber thickness as wound healing progresses. It is known that, following injury in mammalian models, surrounding fibroblasts rapidly produce collagen (Eickelberg et al., 1999; Yates et al., 2012) , providing a transient matrix for stability. The type of collagen produced appears to be age dependent and coincides with whether a wound scars or regenerates. Adult wound-induced ECM is predominately the thicker type I collagen, whereas fetal woundinduced collagen is the thinner type III collagen (Yates et al., 2012) . SHG imaging does not discriminate between type I and III collagen, and it is therefore possible that Mmp9 is involved in a switch in collagen type during repair. Taken together, our findings demonstrate that Mmp9 promotes acute wound resolution and collagen fiber remodeling, and supports the idea that proper regulation of Mmp9 is required to prevent the progression towards chronic tissue damage and inflammation.
MATERIALS AND METHODS
Zebrafish maintenance and handling
All protocols using zebrafish in this study were approved by the University of Wisconsin-Madison Research Animals Resource Center. Adult zebrafish and embryos were maintained as described previously (Yoo et al., 2010) . For wounding assays, 2-dpf larvae were anesthetized in E3 containing 0.2 mg/ml tricaine (ethyl 3-aminobenzoate; Sigma-Aldrich). To prevent pigment formation, some larvae were maintained in E3 containing 0.2 mM N-phenylthiourea (Sigma-Aldrich).
Microarray design and analysis
Adults heterozygous for the hi2217 retroviral insertion in the hai locus (Mathias et al., 2007) were crossed and RNA samples were extracted from WT siblings or hi2217 homozygous mutants. Adults heterozygous for the hi1520 retroviral insertion within the clint1 locus (Dodd et al., 2009 ) were crossed and RNA samples from WT sibling and hi1520 mutants were collected. Pools of 30-50 embryos of WT siblings and hi2217 or hi1520 mutants were collected at 3 dpf for RNA isolation. Embryos were homogenized in RNA Stat60 (Teltest). RNA was purified using standard chloroform phase separation, isopropanol precipitation and ethanol wash steps. RNA from the hi2217 or hi1520 mutant embryos was labelled with Cy5 and hybridized against Cy3-labeled RNA from the corresponding WT sibling embryos. Experiments were performed in triplicate. RNA isolation, synthesis of amino allyl-labeled aRNA, dye coupling and hybridization conditions were as previously described (Stockhammer et al., 2009 ). Microarray analysis was performed using custom-designed 44-k Agilent chips (GEO platform accession: GPL7735), described elsewhere (Stockhammer et al., 2009) . Microarray data were processed and analyzed as described (Zakrzewska et al., 2010) . Significance cut-offs for differentially expressed probe sequences were set at 1.5-fold change at P<10 −5
. The data were submitted to the GEO database (www.ncbi.nlm.nih. gov/geo) and are available under accession number GSE28110.
Regeneration assays
For regeneration assays, tail transection was performed on 2-to 2.5-dpf larvae using a surgical blade (Feather, no. 10). Regenerate length was quantified by measuring the distance between the caudal tip of the notochord and the caudal tip of the tail fin at 3 dpw. Withaferin A (Tocris) treatment for 1 h before and after wounding at 30 µM was performed to pharmacologically inhibit NFκB activity.
Immunofluorescence and Sudan Black staining
Larvae (2.5-3.5 dpf) were fixed with 1.5% paraformaldehyde in 0.1 M Pipes (Sigma-Aldrich), 1.0 mM MgSO 4 (Sigma-Aldrich) and 2 mM EGTA (Sigma-Aldrich) overnight at 4°C and immunolabeled as previously described (Yoo and Huttenlocher, 2011) . The following primary antibody was used: rabbit anti-collagen type IV (PAb, Ab6586; Abcam) at 1:300. Dylight 488-or 549-conjugated mouse anti-rabbit IgG antibodies (Jackson ImmunoResearch Laboratories, 211-482-171, 211-502-171) were used as secondary antibodies at 1:250. Immunofluorescence images were acquired with a confocal microscope (FluoView FV1000; Olympus) using a NA 0.75/ 20× objective. Each fluorescence channel was acquired by sequential line scanning. Z-series were acquired using 180-to 280-µm pinhole and 0.5-to 5-µm step sizes. Z-series images were stacked or three-dimensionally (3D) reconstructed by the FluoView FV1000 software. For Sudan Black staining, embryos (1, 6, 24, 48 h after wounding) were fixed in 4% paraformaldehyde in PBS overnight at 4°C, rinsed in PBS and incubated in 0.03% Sudan Black, followed by extensive washing in 70% ethanol. After rehydration in PBST, pigments were removed by incubation in a 1% H 2 O 2 (Fisher Scientific) and 1% KOH (Sigma-Aldrich) solution. Embryos were observed using a stereoscopic zoom microscope (SMZ1500; Nikon). To image MMP activity, we used MMPSense 645 FAST (PerkinElmer, NEV10100, absorption/emission maxima of 649/666), following a previously established protocol (Hall et al., 2014) . Immunofluorescence images were acquired with a confocal microscope (FluoView FV1000; Olympus) using a NA 0.75/20× objective.
Ratiometric image analysis
Images were acquired with a confocal microscope (FluoView FV1000; Olympus) using a NA 0.75/20× objective and performing sequential line scanning. Ratiometric analysis was performed by using FluoView FV1000 software. Two-dimensional (2D) ratiometric images were created after z-series stacking. After complete loss of background by subtraction in the numerator channel, ratio images were created by dividing the numerator channel with the denominator channel and processed by a median filter to remove background noise.
Translating ribosome affinity purification (TRAP) TRAP was performed as described previously (Lam et al., 2013) . Pools of 30-50 3-dpf Tg(krt4:l10a-gfp) larvae were collected for each condition. RNA was purified using the miRvana RNA purification kit (Ambion) and eluted in 30-50 µl of nuclease-free water (Ambion).
Whole-embryo RNA extraction for qRT-PCR RNA was extracted from whole embryos using the miRvana RNA purification kit (Ambion). One-step qRT-PCR was performed in triplicate using Super Script III Platinum SYBR Green (Invitrogen) from purified TRAP or whole-embryo RNA. Fold change was determined using efficiency-corrected comparative quantitation. Data were normalized to control samples.
Primers: Ef1α: F -5′-TGCCTTCGTCCCAATTTCAG-3′, R -5′-TACC-CTCCTTGCGCTCAATC-3′; Mmp9: F -5′-TGATGTGCTTGGACCA-CGTAA-3′, R -5′-ACAGGAGCACCTTGCCTTTTC-3′; Il-1β: F -5′-CA-CATTTGAAGGCCGTCACACT-3′, R -5′-CTCGGCGGGGCAACAGG-3′; Tnf-β: F -5′-CCTCAGACCACGGAAAAGT-3′, R -5′-GCCCTGTT-GGAATGCCTGAT-3′; Mmp13: F -5′-AAGGAATAAGGCAAATGG-ATAAAG-3′, R -5′-TTTGATCCACTGAAGAGGTA-3′; Myd88: F -5′-GTGTAAGAGGATGGTGGTG-3′, R -5′-GTAGACGACAGGGATTA-GC-3′.
Morpholino injections
Morpholino oligonucleotides (Gene Tools) were re-suspended in water to a stock concentration of 1 mM. Final morpholino concentrations were injected into one-to two-cell stage embryos in 3-nl amounts and embryos were maintained at 28.5°C. Morpholino sequences used have been previously described as follows: mmp9 MO1 (Volkman et al., 2010) , mmp9 MO2 (Hall et al., 2014) , pu.1 MO (Rhodes et al., 2005) , hai1 spliceblocking MO (Mathias et al., 2007) and irf8 MO (Li et al., 2011) ; control MO: 5′-CCTCTTACCTCAGTTACAATTTATA-3′.
In situ hybridization
A plasmid ( pcs2.1, Invitrogen) containing mmp9 was grown and harvested (Maxi-prep, Clontech) . The plasmid was linearized using restriction enzymes to serve as template for transcription of digoxigenin-labeled antisense probes using T3 RNA polymerase. Whole-mount in situ hybridization was performed as described on 2-dpf embryos (Jowett and Yan, 1996) . Following staining, embryos were placed in 80% glycerol for microscopy.
Pictures were recorded with a Nikon Digital Sight camera on the Nikon SMZ1500 microscope.
SHG imaging and processing
Tails were removed (∼1-to 2-mm fragments) from the main body of fixed zebrafish embryos (so tail fins lay approximately flat) in a drop of PBS in a glass-bottomed imaging dish (Fluodishes, World Precision Instruments). Tails were imaged on a custom-built multiphoton microscope at the Laboratory for Optical and Computational Instrumentation (Conklin et al., 2009) . Briefly, the microscope consists of a tunable titanium sapphire laser (Mira, Coherent) with an inverted microscope (TE2000, Nikon) driven by WiscScan software (http://loci.wisc.edu/software/wiscscan). For SHG imaging of the tails, a 40× water immersion lens (1.25 NA, Nikon) was used, the laser was tuned to 890 nm and backwards SHG was collected through a 445/20 emission filter and detected on a H7422 GaAsP photomultiplier tube (PMT) (Hamamatsu, Japan). Brightfield images were simultaneously collected in transmission mode with a photodiode-based detector (Bio-Rad). Imaging parameters were kept constant across all imaging days. Images were collected as z-stacks, with optical sections 1 µm apart, at 512×512 resolution. Images were collected from the tip of the notochord to the tip of the tail or to the wound site. A minimum of six tails per treatment per replicate were collected. Because the tail is threedimensional and angled, for visualization and analyses sum projections of the image z-stacks were generated in FIJI (Schindelin et al., 2012) . Sum projections were analyzed for fiber width using CT-FIRE software (Bredfeldt et al., 2014 ; 2. CT-FIRE | LOCI, available at http://loci.wisc. edu/software/ctfire) (see also Fig. 5C ). Briefly, individual fibers were extracted from each projected image. The width of each fiber was calculated as the average width of the points automatically selected to represent the fiber as assessed by the algorithm in CT-FIRE. Using these width measurements, the number of fibers ≥7 pixels was determined for each projection.
Statistical analyses
Assuming a Gaussian distribution of the overall population of values, P-values were driven by two-tailed paired t-test (two comparisons) or oneway analysis of variance (ANOVA) (multiple comparisons) comparing means of each sample. Data are representative of at least three separate experiments. The single-blind SHG was analyzed using chi-squared test on data scored by a single scorer, pooled from all experiments. Reliability of single-blind analysis was assessed by determining the κ index.
Western blot
Approximately 60 embryos were collected at 2, 3 and 4 dpf, de-yolked and homogenized using a 1 ml Dounce homogenizer. Samples were sonicated five times for 3 s at 20% amplitude and centrifuged at 18,000 g for 10 min at 4°C. Samples were run on a 10% acrylamide gel and blocked with 5% milk/ TS-T. The primary antibodies anti-Mmp9 at 1:250 (Abcam, ab38898) and anti-Actin at 1:2000 (Sigma-Aldrich, a5441) were used; for secondary antibodies, anti-rabbit 800 (Rockland, ) and anti-mouse 600 (Invitrogen, A21057) were used at 1:1000. The blots were imaged with an infrared imaging system (Odyssey, LI-COR Biosciences).
CRISPR-Cas9
CRISPR guide RNAs were designed using the Joung Lab zifit site: http:// zifit.partners.org/ZiFiT/Disclaimer.aspx.
Exon 2: Oligo1-TAGGTGGGCTGGTCAAGCAAGC, Oligo2-AAAC-GCTTGCTTGACCAGCCCA; Exon 4: Oligo1-TAGGTGATCCCTACC-CCTTTGA, Oligo2-AAACTCAAAGGGGTAGGGATCA.
The pT7 gRNA vector (Addgene 46759) was digested with BsmBI, BglII and SalI (New England Biolabs) and diluted to 5 ng/µl in ddH 2 O. Annealed oligos were ligated into vector using quick ligase (New England Biolabs). Single colonies were selected following transformation and digestconfirmed with BglII. Candidate plasmids were sequenced using M13 primer. Sequence-confirmed plasmids were linearized with BamHI (New England Biolabs) and in vitro-transcribed using MAXIScript T7 kit (Ambion, Life Technologies). The resulting guide RNAs were injected into the yolk at the one-cell stage at a volume of 2 nl. The final concentrations of the injection mixes were as follows: gRNAs at ∼40 ng/μl and Cas9 protein (New England Biolabs) at ∼55 ng/μl. To confirm, 2-to 5-dpf larval zebrafish were individually lysed in 50 µl of 50 mM NaOH at 95°C for 10 min. Samples were cooled to 4°C and mixed with 1 M Tris-HCl ( pH 8.0). Supernatant was collected after 5 min, 2000 g centrifugation. PCR was performed on gDNA to confirm with the following primers for mmp9: intron 1 forward: 5′-GTTTGGGTTTCTCCTCTCGGTTCTCTA-CT-3′; intron 4 reverse: 5′-AACTGCAGAGGGAGCTATTGCTCCTC-3′. Fig. S1 . Inflammation-related gene expression changes are observed in the chronic inflammation mutants hi2217 and hi1520. A) Microarray analysis revealed many inflammationrelated genes that were differentially expressed in both inflammation mutants. For a complete list, see GSE28110. B) Confirmation of selected microarray target genes by qRT-PCR confirmed mmp9 to be highly overexpressed in both of the inflammation mutants. C) In situ hybridization of mmp9 (arrowhead) in the hi2217 mutants. For qRT-PCR expression analysis, expression was normalized to ef1α expression. Fig. S2 . Knockdown of mmp9 expression inhibits early leukocyte recruitment to the wound following caudal-fin amputation but does not cause chronic inflammation. A) The mmp9 morphants displayed reduced macrophage recruitment (1-, 6-, 12 hpw) without influencing inflammation resolution at 24 and 48 hpw. B) Reduced neutrophil recruitment (1 hpw) was also observed in the morphants with no delay in inflammation at later time points. C) Total neutrophil counts in the CHT of unwounded larvae at 2 dpf. D) Macrophage-deficient embryos (irf8 MO) did not display a wound-healing defect at 3 dpw. Depletion of both neutrophils and macrophages (pu.1 MO) also resulted in no observable defect in regenerate length at 3 dpw. Statistical significance: * P<0.05, ** P<0.01, *** P<0.001 and ****P<0.0001. Section A represents pooled data from experiments performed in triplicate; B and C are representations from a single experiment performed in triplicate. Fig. S3 . No defects in collagen type IV (IHC) or alignment of collagen fibers are observed at 2 dpw. A) Antibody labeling (IHC) of type IV collagen did not yield obvious differences between the different conditions. B) Blind analysis for collagen alignment (SHG) at 2 dpw indicated a nonsignificant increase in collagen mis-alignment in both control and mmp9 morphant caudal-fins. Graph represents data from experiments performed in quadruplicate and scored by an individual, single-blind analyzer. Scale bar in A represents 50 µm. Graph represents pooling with experimental numbers for no wound Control MO = 21, no wound mmp9 MO = 25, wounded Control MO = 31, wounded mmp9
